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conditions used for the oxygraph kinetics measurements i.e. in the
presence of ADP and ATP with PEP+PK (ATP regenerating system).
Western blots were performed with antibodies against phosphoserine,
phosphothreonine and phosphotyrosine. A clear change was found in
the phosphorylation status of the enzymeespecially in subunits I and IV.
Moreover, autodephosphorylation was observed with tyrosine phos-
phorylations in subunit I. In the kinetics measurements, the coopera-
tivity value (H) of the enzyme varied between 1.348±0.2664 for
mitochondria and 1.336±0.4324 for mitochondria in the presence of
5 mM ADP, and 0.9827±0.7708 * for mitochondria in the presence of
ATP with PEP+PK (pb0.05).
Switching on and off of the allosteric inhibition of CcO activity may
not depend on one speciﬁc phosphorylation site. In fact, the signalling
status of the enzyme may depend on its phosphorylation pattern
which in turn is responsible for the mitochondrial respiratory chain
assembly line for ATP production.
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Cytochrome bd-type quinol oxidase operates as a terminal oxidase
in the aerobic respiratory chain, and genes to encode the oxidases are
present in genomes of many bacteria and archaea as widely as those
to encode haem-copper oxidases are, although these two oxidase
superfamilies share no sequence similarity at all. Cyt bd oxidases have
been found even in pathogens and soil bacteria that used to be
regarded as obligatory anaerobes. These oxidases have extremely
high afﬁnities to dioxygen and utilize them in very low concentra-
tions to conserve respiratory energy in such ‘anaerobic’ organisms.
Cyt bd–type ubiquinol oxidase was isolated ﬁrst in Escherichia coli
and has been investigated extensively for a long time, however, its
atomic structure has not been solved yet despite of enthusiastic trials
in several laboratories. We have identiﬁed and puriﬁed cyt bd-type
menaquinol oxidase from a Gram-positive thermophile Geobacillus
thermodenitriﬁcans K1041 (formerly called Bacillus stearothermophilus
K1041) [1,2], which was the ﬁrst report for the molecular entity of cyt
bd from organisms other than proteobacteria. We have also found and
isolated cyt bd oxidase from an amino acid-producing Gram-positive
mesophile Corynebacterium glutamicum [3]. Geobacillus and Bacillus
belong to the Firmicutes Division, while Corynebacterium, as well as
Mycobacterium and Streptomyces etc., to Actinobacteria Division.
Furthermore, we have recently constructed a system to over-express
the recombinant oxidase in C. glutamicum cells [4]. Here, we have made
another system for over-expression of the G. thermodenitriﬁcans
enzyme in the authentic host cells and found substantial differences
between the two oxidases. These new systems may provide a wider
spectrum from which target enzymes would be selected suitable for
structural studies.
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NO reduction is an important environmental process. Incomplete
denitriﬁcation results in large quantities of N2O, a potent greenhouse
gas, to be released into the atmosphere. Nitric oxide reduction is
carried out by nitric oxide reductases (NORs). There are two closely
related NOR families; the cNOR and qNOR families. These are integral
membrane enzymes that catalyze the two-electron reduction of NO
to N2O. In this work, recombinant cNOR from Thermus themophilus
(PRQ25) was homologously expressed in T. themophilus and heterol-
ogously expressed in Escherichia coli. This is the ﬁrst thermophilic
cNOR to be characterized. The enzyme contains 2 subunits, NorB and
NorC. The UV-visible spectra of the puriﬁed enzyme show the
characteristics peaks for heme b and heme c. NO reductase activity
was measured using artiﬁcial electron donors as TMPD or PMS as well
as with cytochrome c552 obtained from the same organism. Point
mutations in conserved amino acids were done to study their role in
the structure and function of this cNOR, using the structure of the cNOR
from Pseudomonas aeruginosa [1] as a guide. E134, E137 and Y137 in
NorC are putative Ca2+ ligands and are essential for enzyme assembly
and function. E211, E215, E280 are at or near the enzyme active site,
and each is required for a fully enzyme activity. Mutagenesis also
provides support for the presence of a proton-conducting pathway
from the periplasmic face of the protein to the active site. This
pathway involves several conserved amino acids in both the NorC and
NorB subunits.
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Heme-copper oxygen reductases (HCO) catalyse the last electron
transfer step of most aerobic respiratory chains, by reducing O2 to water.
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This reaction is coupled to charge separation and charge translocation
across the membrane, both in mitochondria and prokaryotes, and in
this way contributes to the establishment and maintenance of a
transmembrane difference of electrochemical potential. The energy
conservation promoted by this process is essential for ATP synthesis,
motility and nutrient incorporation by the cell.
We have proposed a classiﬁcation of HCOs according to the amino
acid composition of their proton channels, and divided the super-
family in three types, A, B and C [1]. This classiﬁcation was recently
questioned, and additional types of HCOs were suggested. However,
our bioinformatic reanalysis of the superfamily, using a larger data
set, showed no need for further divisions and strengthened a
classiﬁcation in three groups, as initially proposed [2].
HCOs are likely to share a common ancestor with the nitric oxide
reductases (NORs). Now, we analyse the taxonomic distribution of
these enzymes and the congruence of their sequence trees with the
16S rRNA tree. We observed that HCOs are widely distributed in both
prokaryotic domains and also that different types of enzymes are not
conﬁned to a speciﬁc taxonomic group or evolutionary niche [3].
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The terminal enzyme of the electron transfer system, cytochrome
c oxidase (CcO), reduces an oxygen molecule to two water molecules.
The trigger of this reaction is the binding of an oxygenmolecule to the
binuclear center (BNC), which is composed of the CuB site and heme
a3. Experimentally, to obtain the crystal structure of the complex with
an oxygen molecule is currently difﬁcult, and so the crystal structures
of the complexes with CO, NO, and CN ligands were recently
determined by Muramoto, K., et al. In this study, we performed ab
initio quantum mechanics calculations (also see Ref. [1]) and hybrid
ab initio quantum mechanics/molecular mechanics (QM/MM) calcu-
lations (our hybrid calculation system was built on a highly-parallel
supercomputer [2–4]) to systematically investigate the potential
ﬁelds of the BNC and the ligands, employing those crystal structures.
For CO ligand that is bound to the CuB site, we calculated the
potential energy values of various positions of the ligand (~500
points), and thereby explored the stable conﬁgurations. The obtained
potential ﬁeld revealed the two major conﬁgurations, for which the
energy values are close to each other. To validate the results, we
calculated the IR spectrums using the two stable CO conﬁgurations,
and found that the peaks are well consistent with the experimental
data. Thus, we concluded that at least, the two stable binding modes
of CO ligand and the CuB site are possible.
Note here that these proposed conﬁgurations are different from the
CO-bindingmode that was found in the crystal structure; i.e., the formers
are end-on, and the latter is side-on. In fact, the latter conﬁguration
has not been found to date except for a case, where an amino acid
residue induces the side-on mode of CO ligand. None of amino acid
residues that can induce the side-on conﬁguration of CO ligand is
found in the vicinity of the BNC of bovine CcO. In this manner, the CO-
bindingmode that was seen in the crystal structuremay be an artifact.
In the session, we also discuss the other ligands and the roles of the
CuB site in the reaction.
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Recent X-ray structural analyses show that net positive charges on a
heme iron site (heme a) of bovine cytochrome c oxidase, created upon
electron donation to the O2-reduction site, electrostatically drives
proton-pump through a hydrogen-bond network to the positive side
of mitochondrial inner membrane [1,2]. The four electron equivalents
for complete reduction of O2 at the fully reduced O2-reduction site are
transferred one at a time, each, coupled with pumping of one proton
equivalent, giving four intermediate species, F, O, E and R (from P). X-
ray structures of P, F, O and R suggested that the water channel which
connects the negative side space with the hydrogen bond network is
kept closed by Ser382 bulge of the trans-membrane helix (after O2-
binding to the fully reduced O2-reduction site) during the transfer of
four electron equivalents for complete reduction of the bound O2. The
closure blocks effectively proton back-leakage from the hydrogen-
bond network.
The structural basis for complete (four equivalents) protonation of the
hydrogen-bond network before the O2-binding prerequisite for the
efﬁcient energy transduction was explored using a newly developed
nanosecond time-resolved infrared apparatus for aqueous protein
system. A transient CO-binding to CuB, after Fea3-CO photolysis, was
discovered to open the water-channel by eliminating the Ser382
bulge. The infrared and X-ray structural results suggest that, sensing
protonation state of the hydrogen-bond network, a relay system
including CuB, O2, Fea3 and two a-helix turns extending to Ser382
facilitates effective proton collection and timely water-channel
closure by conformational changes in the Ser382-containing segment,
thereby ensuring efﬁcient energy transduction.
References
[1] K. Muramoto, K. Ohta, K. Shinzawa-Itoh, K. Kanda, M.
Taniguchi, H. Nabekura, E. Yamashita, T. Tsukihara, S.
Yoshikawa, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 7740–7745.
Abstracts S113
